stands, and the conclusions about the differences in C stocks between managed treatments can be 45 different than when only total ecosystem C stocks are evaluated (Powers et al. 2011) . However, 46 comprehensive and long-term studies where all major ecosystem C pools are measured and compared are relatively rare, particularly in naturally-regenerated, mixed-species forests, which 48 are relatively more common on the North American landscape when compared to single-species 49 plantations.
50
In particular, site quality can affect C pools through its influence on the quantity of 51 vegetation produced and the decomposition rates of organic matter. For instance, tree growth 52 tends to be poorer on coarse-textured soils that contain higher percentages of coarse fragments 53 than on similar soils with lower percentages of coarse fragments (Childs and Flint 1990) . In 54 humid climates, this is partially because the soil organic matter can be leached to depths below 55 the rooting zone (Schaetzl and Anderson 2005) , which in turn also affects tree growth and C 56 dynamics. In even-aged stands dominated by yellow poplar (Liriodendron tulipifera L.), Keyser
57
(2010) used statistical models to show that site index is positively correlated with aboveground C 58 stocks. However, alternative indicators of site quality, such as coarse fragments and the depth to 59 the seasonal high water table, may be more appropriate than traditional measures (e.g., site 60 index) in multi-aged, mixed-species stands (Skovsgaard and Vanclay 2013) . Interestingly, many 61 studies have noted that site quality likely influenced comparisons of total ecosystem C stocks 62 among treatments (Chatterjee et al. 2009; Powers et al. 2011 ), but indicators of site quality were 63 not actually included in their assessment.
64
The overall goal of this study was to evaluate C stocks in a mixed-species forest across 65 several contrasting long-term forest management treatments, which have been maintained and 66 monitored since the 1950s, on the Penobscot Experimental Forest in central Maine, USA. Our D r a f t 6 specific objectives were to (1) test for differences in the average C stocks of individual and 68 combined ecosystem pools among the forest management treatments, after making adjustments 69 to treatment means to account for potential differences in site quality among stands, (2) evaluate 70 differences in average total ecosystem C stocks (on-site C storage) plus C stored in harvested 71 wood products, and (3) assess the relative contribution of individual ecosystem pools to total 72 ecosystem C storage. We also examined the potential of the managed treatments to have C stocks 73 similar to those of the unmanaged reference stand after accounting for C storage in harvested 74 wood products. The working hypotheses was that the unmanaged reference stand would have the 75 highest C storage even after accounting for harvested wood products, but important and 76 significant differences would be detected among the alternative forest management treatments 77 examined. D r a f t 7 the PEF to investigate the influence of silvicultural treatments and exploitative cuttings on stand 91 composition, structure, growth, and yield (Sendak et al. 2003) . Each treatment was assigned to 92 two experimental units (stands) ranging from 7 to 18 ha in size.
93
For the present study, C pools were measured in stands managed according to three 94 prescriptions (single-tree selection cutting on a 5-year cycle, three-stage uniform shelterwood 95 cutting, and commercial clearcutting) and an unmanaged reference stand. The selection stands 96 had been cut 11 times prior to our sampling in 2012; residual structural goals were defined using 97 the BDq method to specify target residual basal area, maximum diameter, and distribution of 98 trees among size classes (e.g., Guldin (1991) shelterwood, and commercial clearcut treatment for a total of 30 PSPs. We also measured C 139 pools at 4 PSPs in the reference stand. The PSPs for this study were selected in a random, 140 stratified process, which is described in detail by Puhlick et al. (2016a) . Briefly, PSPs were 141 stratified according to the proportion of major soil types on glacial till within each stand. The 142 soils series that occur in each treatment are also described by Puhlick et al. (2016a) . The PSPs 143 consisted of a nested design with 0.08, 0.02, and 0.008 ha circular plots sharing the same plot 144 center. Trees ≥ 11.4 cm diameter at breast height (dbh; 1.37 m) were measured on the entire 0.08 145 ha plot, trees ≥ 6.4 cm dbh were measured on the 0.02 ha plot, and trees ≥ 1.3 cm dbh were 146 measured on the 0.008 ha plot. 
152
Species and dbh were recorded for trees ≥ 0.3 cm dbh, and species and height were recorded for 153 trees < 0.3 cm dbh. These measurements were used to calculate live tree and shrub oven-dry 154 biomass using "complete tree" allometric regression equations (Young et al. 1980 
159
Bryophytes were collected separately from other herbaceous vegetation because they were used 160 to develop a function for predicting bryophyte mass from bryophyte cover (Puhlick et al. 2016b ).
161
In the laboratory, samples were oven-dried at 65°C to a constant mass, weighed, and ground to each section, and (4) summing the section volumes (Husch et al. 2003) . Only the volume above
194
the stump was calculated, and biomass and C content were determined using the same methods
195
as for DWD.
196
On the same transects that were used to measure bryophyte cover, organic (O) horizon 197 depth was also measured. The pedotransfer function developed by Puhlick et al. (2016b) was 198 used to predict O horizon C content at these locations and an average was derived for each PSP.
199
These values were then reduced by the average percentage of coarse root C content in the O
200
horizon for a given stand (Puhlick et al. 2016b ). This adjustment was made because coarse root using an impact driven soil corer (Puhlick et al. 2016a ). For each PSP, the mineral soil was D r a f t sampled at one location with the corer, which had an internal diameter of 5.1 cm. Fine earth 205 fraction (< 2 mm) and coarse charcoal were included in our estimate of mineral soil C content.
206
The amount of C stored in the stumps and root systems of trees that were harvested or 207 had died due to non-harvest mortality agents was estimated using records of tree mortality 208 (Puhlick 2015) . Stump and root biomass at time of tree death was calculated using biomass harvest (Puhlick 2015) . For individual trees, the volume in sawlogs and pulpwood was 219 determined using regional species-specific taper equations (Li et al. 2012) 
232
Average cartographic depth-to-water, which is based on elevation, flow channels, and wetlands and coarse charcoal, and (7) harvested wood product C stored in products and landfills. We also 249 evaluated the C stocks of four aggregated pools: (1) total ecosystem (on-site pools), (2) and the relative volume of coarse fragments in the mineral soil were evaluated for inclusion in 260 the models as fixed effects. "Stand" was used as a random effect to account for the nested 261 structure of the data and potential correlation between observations from the same stand.
262
Logarithmic transformations were applied to understory (log 10 (x+0.1) + 1), CWD (log 10 (x+1)),
263
and forest floor (log 10 x) C stocks to linearize the relationship between these response variables 264 and the explanatory variables. Likelihood ratio tests were used to determine the optimal models 265 in terms of fixed effects. The lme function in the nlme package (Pinheiro et al. 2014) and CWD C stocks than the managed treatments ( Table 2 ). These C pools influenced total 279 ecosystem C, which was also notably higher in the reference stand ( Table 2 ). For the managed 280 stands, total ecosystem C was 161.7 ± 31.3 Mg ha -1 (mean ± SD). Even when C stored in 281 harvested wood products was added to total ecosystem C, mean total ecosystem + products C 282 was numerically greater in the reference stand ( Fig. 1) . For the managed stands, total ecosystem 283 + products C stocks were 171.2 ± 31.7 Mg ha -1 .
284
For the selection, shelterwood, and commercial clearcut treatments, C in wood harvested 
292
The best models of overstory, aboveground, total ecosystem, and total ecosystem + 293 products C stocks included a forest management treatment effect and the relative volume of 294 coarse fragments in the mineral soil as statistically significant fixed effects (P < 0.05) ( Table 3) .
295
The overall models explained between 44 to 54% of the original variation in C stocks, while D r a f t variation in C stocks between stands where the same treatment was applied accounted for 297 between < 1 to 3.6% of the observed variance ( Table 3) . The relative volume of coarse 298 fragments in the mineral soil was negatively correlated with these C stocks and explained much 299 of the variation in C stocks between stands within treatments (Supplementary Material, Table   300 S.3). Also, pairwise comparisons indicated that the selection and shelterwood stands had higher
301
C stocks than the commercial clearcut stands (P < 0.05) and C stocks were similar between the 302 selection and shelterwood stands ( Table 4 ). Depth to redoximorphic features, cartographic 303 depth-to-water, and drainage class did not have a significant influence on these C stocks.
304
The optimal model of understory C stocks included just a forest management treatment 305 effect (P < 0.05), which explained 53% of the original variation in understory C stocks and 306 variation in C stocks between stands where the same treatment was applied accounted for < 1%
307
of the observed variance. On average, the selection stands had higher understory C stocks than 
D r a f t
The results suggested that there were no statistical differences in mean CWD or mineral soil C 320 among the replicated treatments.
321
In the managed stands, the average relative contributions of the overstory, understory,
322
CWD, forest floor, mineral soil, and stump-root system C stocks to total ecosystem C were 48.6, 323 0.2, 1.9, 15.7, 29.7, and 3.9%, respectively (Fig. 2) . The relative contribution of individual C 324 stocks to total ecosystem C differed among treatments for the overstory and stump-root system C 325 stocks (P < 0.05), but was not statistically different among treatments for other C stocks.
326
Pairwise comparisons indicated that the shelterwood treatment had a higher proportion of lower total ecosystem C storage over time compared to other treatments.
377
Accounting for C storage in harvested wood products did not change our conclusions 378 about differences in total C stocks between the replicated treatments. However, the high of the mineral soil as coarse fragment content increases (Childs and Flint 1990; Schaetzl 1991) .
399
However, in humid climates coarse fragments increase the percolation rates of water through the 400 mineral soil resulting in the possibility that C and nutrients may be more likely to be leached to 401 depths below the rooting zone (Schaetzl and Anderson 2005) . This could partially explain the 402 lack of correlation between the relative volume of coarse fragments in the mineral soil and 403 mineral soil C concentration at our study site (Puhlick et al. 2016a ). Nutrient and water 404 availability were not evaluated.
405
The relative volume of coarse fragments in the mineral soil also explained most of the 406 variation in overstory live tree and shrub, aboveground, and total ecosystem C stocks between 407 stands where the same treatment was applied. Stands that had a higher percentage of coarse 408 fragments had lower overstory, aboveground, and total ecosystem C stocks. An exception was
409
for total ecosystem C stocks in the shelterwood stands, but these stands had, on average, similar 410 percentages of coarse fragments (27.7 and 31.5%; suggests that sites with a low percentage of coarse fragments would be favorable for C projects 425 on glacial till and highlights the importance of considering sampling depth in the soil.
426
Differences in the relative contributions of the overstory and stump-root system C pools 427 to total ecosystem C storage between treatments is likely due to intensity and timing of harvests greater net reduction in atmospheric CO 2 than a protection strategy. Hence, while our study 446 contributes information that can be used to make an assessment of C storage in forests and 447 products, these factors alone do not indicate the net effect on atmospheric CO 2 .
448
Also, studies of live tree C sequestration since the 1950s on the PEF would be measurements of other C pools (e.g., the forest floor and mineral soil) were not made over time.
452
Another limitation of this study is that the PEF is just one study site in central Maine with limited 453 replication and high variability, which suggests the need for additional long-term study sites in 454 the region across a wider range of conditions. Despite these constraints, a future analysis and 455 projection of aboveground C sequestration at the PEF would improve our understanding of C 456 dynamics in these and related forests. Finally, the ecological consequences of managing forests D r a f t to reduce atmospheric CO 2 should also be considered when implementing forest management 458 treatments. Certain silvicultural treatments may achieve multiple objectives, including C storage 459 and promoting long-term ecological health and biodiversity, compared to exploitative practices,
460
which have been shown to degrade stand conditions over time (Kenefic and Nyland 2005) .
462

Conclusion
463
After nearly 60 years of forest management, average total ecosystem C storage was 464 highest in the selection and shelterwood treatments, and was lowest in the commercial clearcut 465 treatment. Adding C stored in harvested wood products to current total ecosystem C stocks did 466 not change our conclusions about observed differences in C stocks among these treatments.
467
However, there was significant variation in C storage between stands where the same treatment 468 was applied which may be partially due to the timing of harvests, differences in species Overall, this study highlights the importance of using certain forest management practices 474 as opposed to commercial clearcutting when objectives include maximizing C storage in forests.
475
This study could serve as a baseline for future measurements of forest ecosystem C pools in this Table 4 . Least-squares (LS) mean (standard error) C stocks (Mg ha -1 ) at the mean relative volume of coarse fragments in the mineral soil (33.6%) by C pool and treatment. Different letters indicate significant differences between LS mean C stocks among treatments at P < 0.05. ). Different letters indicate significantly different least-squares means at the average relative volume of coarse fragments in the mineral soil (33.6%). Note that the reference was not included in pairwise comparisons tests. Tables S1, S2 , and S3 
